Homologous recombination (HR) is a major mechanism to repair DNA double-strand breaks (DSBs). Although tumor suppressor CtIP is critical for DSB end resection, a key initial event of HR repair, the mechanism regulating the recruitment of CtIP to DSB sites remains largely unknown. Here, we show that acidic nucleoplasmic DNA-binding protein 1 (And-1) forms complexes with CtIP as well as other repair proteins, and is essential for HR repair by regulating DSB end resection. Furthermore, And-1 is recruited to DNA DSB sites in a manner dependent on MDC1, BRCA1 and ATM, down-regulation of And-1 impairs end resection by reducing the recruitment of CtIP to damage sites, and considerably reduces Chk1 activation and other damage response during HR repair. These findings collectively demonstrate a hitherto unknown role of MDC1→And-1→CtIP axis that regulates CtIP-mediated DNA end resection and cellular response to DSBs.
INTRODUCTION
Maintenance of genome stability depends on efficient and accurate repair of DNA damage (1, 2) . DNA double-strand breaks (DSBs) are among the most lethal types of DNA damage, with the potential to cause deleterious gene mutations and chromosomal rearrangement that could lead to cancer (3) . DSBs can be repaired by two main mechanisms: non-homologous end-joining (NHEJ) and homologous recombination (HR). Whereas NHEJ repair predominates in cells at the G0/G1 phase in the cell cycle and is error-prone, HR repair occurs in cells at the S and G2 phases and it ensures accurate, error free repair of DNA damage (3) (4) (5) (6) .
A key event during the initial phase of HR repair is DSB end resection, a process in which DSBs undergo nucleolytic degradation of their 5 -ending strands to generate a 3 -end single strand (3) . This end resection is essential for HR repair because the resulting 3 -ended single-strand DNA (ssDNA) invades a homologous template to initiate HR repair (3) . It is known that following DSB generation, the highly conserved MRN protein complex consisting of Mre11, Rad50 and NBS1 is the early group of proteins recruited to DSB ends in a process dependent on Rad17 and MDC1 (7) (8) (9) (10) (11) (12) . Then, the MRN complex initiates checkpoint signaling through recruitment and activation of ATM (13) (14) (15) (16) (17) (18) . It should be noted that Mre11 has DNA binding, exonuclease and endonuclease activities which are important for DSB end resection (19) (20) (21) .
The tumor suppressor protein CtIP, a CtBP (carboxyterminal binding protein)-interacting protein, is recruited onto the DSB sites in a MRN-dependent manner (22) . CtIP physically interacts with MRN at DSB ends (22) (23) (24) . The recruitment of CtIP depends on its phosphorylation by ATM and Cdk2 as well as ubiquitination by BRCA1 (25) (26) (27) (28) . It has been shown that CtIP promotes DNA end resection by stimulating the nuclease activity of Mre11-Rad50 complex toward ssDNA (29) . Following MRN and CtIP, the Exo1 exonuclease and BLM/DNA2 helicase are loaded onto the DSB sites to carry out further resection to generate a long 3 -ssDNA tail for HR repair (30, 31) . The recruitment of CtIP onto DSB sites appears to be a key step that facilitates the transition from DSB sensing by MRN to DSB end resection (32) . However, the mechanism by which CtIP is recruited onto the DSB sites remains largely unknown (32) . Given that the recruitment of CtIP to DSB sites occurs 5-15 min after the recruitment of NBS1 (22) , it is most likely that CtIP is not passively brought to the DSB sites through its interaction with MRN and unidentified factor(s) may be required for the recruitment CtIP to sites of DSBs (22, 32) . Alternatively, a platform must be first established in a timedependent fashion on the DSB sites in the presence of MRN and possibly other proteins before CtIP could be recruited to it.
MDC1 serves as an adaptor that is recruited to DSB sites by interacting with ␥ -H2AX, where it promotes the recruitment of MRN complex to damage sites, as well as recruitment and activation of ATM (9, 11, (33) (34) (35) . Once recruited to the DSB sites, MDC1 is phosphorylated by ATM and acts as an a scaffold for the recruitment of ubiquitin E3 ligases RNF8 and RNF168, which function to ubiquitinate histone H2A to create a docking site for 53BP1 and BRCA1 (36) (37) (38) (39) (40) . BRCA1 is essential for HR repair at multiple stages of HR due to its ability to interact with several repair proteins including CtIP and MRN (23, 25) .
And-1 is an acidic nucleoplasmic DNA-binding protein that contains an N-terminal WD40 domain and a Cterminal HMG (High Mobility Group) domain (41) . Previous studies by others and us indicate that And-1 is a replisome component for efficient DNA replication (41) (42) (43) (44) (45) (46) (47) . Additionally, our studies indicate that And-1 also associates with histone acetyltransferase Gcn5 to maintain its stability (48, 49) . Ctf4, a yeast ortholog of And-1, was found to regulate multiple pathways including chromosome transmission fidelity, sister chromatin cohesion, DNA damage repair, DNA replication and telomere replication (46, (50) (51) (52) (53) (54) (55) . Most recently, we also discovered that And-1 is required for efficient activation of Chk1 by regulating replisome component Claspin at stalled replication forks (56) . Interestingly, using reporter assays two groups have independently demonstrated that Ctf4/And-1 is involved in HR repair in both yeast and human cells (42, 57) . However, it remains unknown how And-1 regulates HR repair.
Here, we demonstrate, for the first time, that And-1 forms complexes with multiple HR repair proteins including CtIP, MRN, BRCA1 and MDC1, and is essential for DSB end resection in human cells. We found that And-1 is recruited to DSB sites in the early stage of DSBs. The recruitment of And-1 to DSB sites is dependent on BRCA1, MDC1 and ATM. Significantly, down-regulation of And-1 impairs the recruitment of CtIP to DSB sites and end resection, and considerably reduces Chk1 phosphorylation. These results collectively demonstrate an important role of And-1 in HR repair by regulating CtIP-mediated DSB end resection.
MATERIALS AND METHODS

Cells and cell culture
U2OS, 293T, HCC1937 and HCC1937/BRCA1 were cultured in DMEM medium supplemented with 10% FBS at 37
• C in 5% CO 2 . HCC1937 and HCC1937/BRCA1 were kindly provided by Dr Xiaochun Yu (City of Hope).
Plasmids
Plasmid containing full-length And-1 and And-1 mutants were described previously (56) . FLAG-And-1 truncated mutants (798-1129) and (898-1129) were amplified by PCR from a plasmid containing the full-length And-1 cDNA and sub-cloned into the pEFF-FLAG vector at the BamHI and NotI sites. Plasmids expressing FLAG-tagged wild-type or mutant CtIP were gifts from Dr. Junjie Chen (MD Anderson). Plasmid transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction.
siRNA interference
The following are the sequences of the siRNA duplexes: And-1-1, 5 -AGGAAAACAUGCCUGCCACdTdT-3 ;
And-1-2, 5 -GAAGAUGGUCAAGAAGGCAGCAdTdT-3 ; NBS1, 5 -CCAACUAAAUUGCCAAGUAUU dTdT-3 ; MDC1, 5 -GUCUCCCAGAAGACAGUGAdTdT-3 ; BRCA1, 5 -GGAACCUGUCUCCACAAAGdTdT-3 ; and CtIP, 5 -GCUAAAACAGGAACGAAUCdTdT-3 . Control Gl2 (luciferase) siRNA was as described previously (58) . Cells were transfected once with siRNA using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. Cells were harvested for analyses 48 h after the siRNA transfection.
Antibodies and chemicals
The antibodies against And-1, ␥ -H2AX, Chk1, p-Chk1-S317, p-Chk1-S345, RPA32, FLAG, BrdU and ATR were described previously (56) ; mouse monoclonal antibody CtIP was a gift of Dr Richard Baer (Columbia University, New York); antibodies against p-H2AX-S139, p-Chk1-S317, RAD50, MRE11, NBS1, BRCA1, Chk2, p-Chk2-T68 were from Cell Signaling; antibody against pRPA32-S4/S8 was from Bethyl Laboratories; antibodies against actin and cyclin A were from Santa Cruz Biotechnology.
Camptothecin was from Sigma and KU-55933 was from Tocris Bioscience.
Immunofluorescence
Cells cultured on coverslips coated with 0.01% of poly-L-lysine (Sigma) were washed once with PBS, then preextracted with 0.5% Triton X-100 extraction buffer (10 mM PIPES pH 7.0, 100 mM NaCl, 3 mM MgCl 2 and 300 mM sucrose) on ice for 5 min. After washing with PBS, cells were fixed with 4% paraformaldehyde in PBS for 15 min. Cells were then washed and incubated for 10 min in blocking buffer (PBS containing 3% BSA and 0.02% and subsequently incubated for 1 h with a primary antibody at room temperature. Cells were washed three times with PBS-T (PBS containing 0.02% Tween-20) and then incubated with a secondary antibody (rabbit Alexa Fluor-594 and mouse Alexa Fluor-488 were from Life Technology). After washing with PBS-T, cells were mounted with Fluoromount G (SouthernBiotech) containing DAPI. Slides were imaged using a Nikon Eclipse 80i microscope.
Irradiation
␥ -Irradiation was performed with a 137 Cs source at 10 Gy. Cells were harvested for analyses 3 h after the irradiation.
Protein purification
Recombinant And-1 proteins were expressed and purified as previously (41) . Recombinant CtIP proteins (H00005932-P01) were purchased from Novus Biologicals.
Co-immunoprecipitation and Western blotting
Co-IP was performed as we described previously (41, 48) .
For in vitro immunoprecipitation, recombinant CtIP proteins were mixed with either BSA or And-1 proteins at 4
• C for 2 h. The mixtures were then immunoprecipitated with Nucleic Acids Research, 2017 , Vol. 45, No. 5 2533 protein A/G agarose beads coupled with And-1 antibody at 4
• C overnight. The beads were washed and then the proteins associated with beads were eluted for immunoblotting as described previously (56) .
For western blot, cells were lysed in RIPA buffer (50 mM Tris-HCl at pH 7.6, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% IGEPAL ® CA-630, 1 mM EDTA, 20 mM ␤-glycerophosphate, 1× protease inhibitor) on ice for 15 min followed by sonication. Samples were separated by SDS-PAGE.
Mass spectrometry
293T cells were transfected with SFB-FLAG-CtIP plasmid were harvested and immunoprecipitated as described in the co-IP procedure. Mass spectrometry analysis of proteins was performed as described previously (59) .
Homologous recombination assay
U2OS cells expressing HR reporter DR-GFP were gift from Dr. Maria Jason. HR repair assay was performed as described by others previously (24, 60) . Briefly, 48 hr after siRNA transfection, U2OS/DR-GFP cells were transfected with I-SceI expression vector (pCBASce) using Lipofectamine 2000 (Invitrogen). Cells were harvested two days after I-SceI transfection and subjected for flow cytometry analysis to determine the percentage of GFP positive cells. FACS data were analyzed using FlowJo software.
Laser micro-irradiation
DNA damage induction by laser was performed as previously described (61, 62) . Briefly, cells plated in a microwell dish with a glass bottom (P35GC-1.5-14-C, MatTek) were pre-sensitized with 10 g/ml viable Hoechst dye 33258 (Sigma-Aldrich) for 10 min at 37
• C. Laser micro-irradiation was performed with an inverted confocal microscope (LSM 510 Meta; Carl Zeiss) equipped with a 37
• C heating chamber (PeCon, 160-800 006) and a 405 nm laser diode (25 Mw) focused through a 63× Plan-Apochromat/1.4 NA oil objective. DNA damage was generated in a restricted region with a width of 2 m strip without major cytotoxic effects. After bleaching, the cells were fixed at the indicated time points for immunofluorescence analysis.
Clonogenic survival assay
Cells treated with siRNAs were plated in 60-mm dishes at a density of 300 cells per dish. Forty eight hours after siRNA transfection, cells were treated with camptothecin at indicated concentrations for 1 h. After washing with PBS, cells were incubated in camptothecin-free medium and left to grow for 14-15 days to allow colony formation. Cells were then fixed and stained with 0.5% crystal violet. Colonies with >50 cells were counted.
DSB induction by UVC micro-irradiation
The details of the protocol was described previously (63) . Briefly, cells were labeled with 10 M BrdU for 48-72 h.
Cells were washed with PBS and covered by a micropore membrane (Isopore 5 M, Millipore), followed by exposure to UVC lamp at a dose of 30 J/m 2 (Hitachi, Germicidal lamp, GL-15). After the exposure, cells were incubated in culture medium for 30 min and then subjected to immunofluorescence.
RESULTS
And-1 associates with CtIP and is required for HR repair
To investigate the role of CtIP in HR repair, we conducted mass spectrometry analyses to identify specific CtIPassociated proteins using an approach we previously described (59) . We incubated anti-FLAG beads with cell extracts prepared from 293T cells ectopically expressing either FLAG-CtIP or FLAG to immunoprecipitate proteins. To rule out the false positive protein-protein interactions that are often due to protein-chromatin association, we included ethidium bromide and DNase I in the cell lysis buffer to disrupt protein-DNA interactions. After gel electrophoresis followed by silver staining, FLAG-CtIPassociated unique proteins were subjected to mass spectrometry analyses and the resulting data were used for the search of proteins identities in a database as we previous described (59) . We identified several HR repair proteins, including Rad50 and RPA32 in the FLAG-CtIP immunoprecipitates (IPs) ( Figure 1A ). Interestingly, we also identified And-1 in the FLAG-CtIP IPs ( Figure 1A ). The presence of And-1 in the FLAG-CtIP IPs suggested a possible role of And-1 in the regulation of CtIP-mediated HR repair. To investigate whether And-1 regulates CtIP-mediated HR repair, we next conducted co-immunoprecipitation (co-IP) assays to confirm the interaction of endogenous CtIP with And-1 in HCT116 cells. From the endogenous CtIP IPs, we could identify not only Rad50 and NBS1, but also And-1 ( Figure 1B ). Reciprocally, we also detected CtIP, Rad50, NBS1 in endogenous And-1 IPs obtained from HCT116 cells. These results collectively demonstrated that And-1 forms a complex with HR repair proteins including CtIP, Rad50 and NBS1 in a manner independent of chromatin structure.
Given that And-1 forms a complex with HR repair proteins, we postulated that And-1 plays a role in HR repair pathway. To test this hypothesis, we assessed HR repair efficiency using a sensitive HR reporter assay (60) . Consistent with previous publications (24, 29) , CtIP depletion by siRNA reduced HR efficiency by 60% ( Figure 1C ). Strikingly, And-1 depletion by two independent siRNAs reduced HR repair efficiency by 50% ( Figure 1C and Supplementary Figure S1 ), indicating that And-1 is as critical as CtIP for efficient HR repair.
We next investigated whether And-1 depletion affects clonogenic survival of HCT116 cells following treatment with various concentrations of the topoisomerase I inhibitor camptothecin, which is known to induce replicationdependent DSBs (64) . In agreement with previous data (29) , depletion of CtIP caused hypersensitivity towards camptothecin ( Figure 1D ). Importantly, depletion of And-1 by two independent siRNAs also induced hypersensitivity towards camptothecin that is indistinguishable from that caused by CtIP depletion ( Figure 1D ). Since camptothecininduced DSBs during S phase are mainly repaired by HR repair, our data suggest that And-1 is critical for HR repair of DSBs. Consistently, we also found that And-1 depleted cells were hypersensitive to PARP1 inhibition by PARP1 inhibitor Olaparib (Supplementary Figure S1B) and chromosomal abnormalities were increased upon And-1 depletion (Supplementary Figure S1C) .
And-1 is recruited to DNA DSB sites
If And-1 is involved in the HR repair of DSBs, it is likely that And-1 is recruited to DSB sites. To test this possibility, we generated DSB-containing tracks in the nuclei of human U2OS cells using laser micro-irradiation as described previously (62) . Ten minutes after laser micro-irradiation, we detected ␥ -H2AX strips on the nuclei, indicating the sites of DSBs (Figure 2A) . Intriguingly, we also detected co-localization of And-1 and ␥ -H2AX on the same strips, suggesting that And-1 was recruited to DSB sites. To further confirm the localization of And-1 at DSB sites, we next created localized DSBs in U2OS cells using a microirradiation approach developed by Yamashita's group (63) . Using this protocol, we induced DSBs in cells by ultraviolet C (UVC) irradiation through a porous membrane shielding the cells that had been labeled with 5-bromo-2 -deoxyuridine (BrdU) (63) . Notably, And-1 foci were detected at DSB sites as indicated by ␥ -H2AX foci ( Figure  2B ). Moreover, we also found that And-1 and ␥ -H2AX were present in the same foci in U2OS cells treated with 10 Gy ionizing radiation (Supplementary Figure S2) . Taken to- gether, these data suggest that And-1 is directly recruited to DSB sites.
Having found that And-1 is recruited to DSB sites, we next examined and compared the kinetics of the recruitment of both And-1 and CtIP to damage sites. Consistent with previous report (22, 29) , CtIP started to accumulate at damage sites approximately five minutes after laser microirradiation and its accumulation onto damage sites was slower than ␥ -H2AX, which was observed at one minute after micro-irradiation ( Figure 2D) . Interestingly, the accumulation of And-1 at DSB sites was detected one minute after the micro-irradiation (Figure 2C ), indicating that the accumulation of And-1 at the damage sites is rapid and precedes the accumulation of CtIP to the damage sites. We also compared the timing of the recruitment of And-1 and NBS1 to damage sites in cell using live image analysis and our data indicated that the accumulation of And-1 at the laserinduced damage lines was detected around one minute after irradiation and this timing is similar to the recruitment of NBS1 to damage sites (Supplementary Figure S2B) . Taken together, And-1 is recruited to DSB sites at the early stage of HR repair of DSB before CtIP recruitment occurs.
And-1 facilitates ssDNA generation in cells with DSBs
Given that And-1 is recruited to DSB sites earlier than that of CtIP and that And-1 forms complex with CtIP, we hypothesized that And-1 may regulate DSB end resection by establishing a condition or acting as a platform for CtIP recruitment to the DSB sites. To test this hypothesis, we first examined whether And-1 affects ssDNA generation by examining DSB-induced RPA focus formation. In agreement with previous report (29) , depletion of CtIP significantly reduced the recruitment of RPA32 to laser-induced DSB sites ( Figure 3A) . Although it had no effects on ␥ -H2AX formation, And-1 depletion by two independent siRNAs dramatically impaired the recruitment of RPA to laser-induced DSB sites ( Figure 3A) , suggesting that DSB end resection is impaired. To further test that And-1 indeed affects ss-DNA generation, we examined ssDNA generation by using an anti-BrdU antibody staining technique that only detects ssDNA as we described previously (56, 58) . To precisely examine ssDNA at DSB sites, we induced DSB by UVC microirradiation at localized area of nuclei in cells pre-labelled with BrdU and examined the generation of ssDNA at DSB sites by BrdU staining without denaturing DNA. Intriguingly, And-1 depletion by two independent siRNAs significantly reduced ssDNA generation at DSB sites as indicated by BrdU staining ( Figure 3B ). Taken together, these data suggest that And-1 is required for end resection by regulating ssDNA generation in cells with DSBs.
And-1 facilitates the recruitment of CtIP to DSB sites
Since And-1 interacts with CtIP and is required for end resection, we next investigated whether And-1 regulates the recruitment of CtIP to DSB sites. To this end, we depleted And-1 using two independent siRNAs. In the cells treated with the control siGl2, CtIP was found to co-localize with ␥ -H2AX tracks following laser micro-irradiation ( Figure  4A ). However, depletion of And-1 by siRNAs significantly reduced the recruitment of CtIP to DSB sites as indicated by the greatly diminished co-localization of CtIP with the ␥ -H2AX tracks ( Figure 4A ). Consistently, And-1 depletion also compromised formation of Rad51 foci at damage sites (Supplementary Figure S3C) . Interestingly, when we examined whether CtIP depletion could affect the recruitment of And-1 to DSB sites, we found that deletion of CtIP had no effects on the co-localization of And-1 with ␥ -H2AX at DSB sites (Supplementary Figure S3) .
To rule out the possibility of the siRNA off-target effects, we used a siRNA to deplete endogenous And-1 in U2OS cells expressing And-1 siRNA resistant mutant And-1 (330-1129), which lacks And-1 siRNA target sequence at the Nterminus and hence is resistant to the siRNA. Although And-1 depletion reduced the recruitment of CtIP to laserinduced damage sites ( Figure 4B) , expression of the siRNA resistant And-1 (330-1129) was able to restore the recruitment of CtIP to DSB sites. The above findings collectively demonstrated that And-1 is indeed required for the recruitment of CtIP to DSB sites, the N-terminus of And-1 is dispensable for the recruitment of CtIP to damage sites, and the middle region and C-terminus of And-1 contain a domain(s) that is essential for And-1 to facilitate the recruitment of CtIP to DSB sites for end resection.
Since CtIP interacts with MRN (29), we next tested whether And-1 is required for the interaction between MRN and CtIP. To this end, we enriched siGl2 or siAnd-1 treated cells in the S/G2 phase using an approach as described previously (65) . Briefly, U2OS cells transfected with siRNAs were enriched at S/G2 phase six hours after a double-thymidine block was terminated. From the endogenous CtIP IPs, we found that the interactions of CtIP with NBS1 and Rad50 were decrease upon And-1 depletion (Figure 5D) , suggesting that And-1 facilitates the interaction between CtIP and MRN complex.
It was known that CtIP phosphorylation by ATR is required for the recruitment of CtIP to damage sites and subsequent processive resection of DSB (66) . We therefore examined whether inhibition of CtIP phosphorylation could interfere the interaction between And-1 and CtIP in cells with DSBs. Interestingly, in cells treated with the ATR inhibitor VE-821 there was reduced interaction between And-1 and CtIP (Supplementary Figure S6) , suggesting that ATR-mediated association of CtIP with DSB sites may be dependent on its interaction with And-1.
And-1 facilitates the ATR-mediated DNA damage response in cells with DSBs
To further investigate the role of And-1 in DSB end resection, we examined DNA damage response in HCT116 cells with DSBs induced by camptothecin treatment. And-1 depletion did not change CtIP protein levels ( Figure 5B ), suggesting that And-1 does not regulate end resection via affecting CtIP stability or expression. Notably, And-1 depletion also did not affect the levels of ␥ -H2AX ( Figure 5B ), indicating that And-1 has no effects on the generation of DSBs. Consistently, And-1 depletion had little effects on Chk2 phosphorylation. Thus, ATM-mediated pathway is still intact in the absence of And-1 ( Figure 5A ). Since And-1 is involved in the generation of ssDNA during end resection, Nucleic Acids Research, 2017, Vol. 45 , No. 5 2537 Figure 3 . And-1 depletion impairs DSB end resection. (A) And-1 is required for RPA recruitment to laser-induced DSB sites. U2OS cells treated with the control siGl2, two independent siAnd-1s (siA-1 or siA-2) or siCtIP were micro-irradiated and co-immunostained for ␥ -H2AX and RPA32 25 min post irradiation. For each experiment, >50 cells were counted and the percentage of ␥ -H2AX cells exhibiting RPA32 strips was determined. Data represent means ± SD from three independent experiments. N.S., not significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. (B) And-1 depletion impairs ssDNA generation. BrdU-labeled U2OS cells transfected with indicated siRNAs were treated as in Figure 2B . Cells were processed 30 min after UVC treatment and examined for ssDNA formation by a non-denaturing staining (See methods and text for detail). For each experiment, >50 cells were counted and the percentage of ␥ -H2AX cells exhibiting BrdU foci was determined. Data represent means ± SD from three independent experiments. N.S., not significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. -1129) were transfected with the indicated siRNAs and subjected to treatment as described in Figure 2A . For each experiment, >50 cells were counted and the percentage of ␥ -H2AX cells exhibiting CtIP strips was determined. Data represent means ± SD from three independent experiments. N.S., not significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
we expected that And-1 depletion may reduce ATR activation and hence Chk1 phosphorylation. Indeed, And-1 depletion markedly impaired Chk1 phosphorylation on Serine 317 ( Figure 5A ). In agreement with this observation, And-1 depletion significantly reduced RPA32 phosphorylation as indicated by the reduction in the amount of up-shifted phosphorylated RPA32 form, as well as phosphorylation of RPA32 on Serine 33 in cells following CPT treatment (Figure 5A ). Since ATR is the major kinase that phosphorylates RPA32 at Serine 33, these data suggest that ATR activation elicited by end resection is impaired in the absence of And-1. Together, these data suggest that And-1 is not involved in the DSB detection and ATM-mediated signaling, instead, And-1 is important for the activation or propagation of ATR-mediated signaling pathway during end resection of DSBs. To further test how And-1 regulates Chk1 phosphorylation during DSB repair, we examined the time course of Chk1 activation in And-1 depleted cells during continuous camptothecin exposure. We found that And-1 depletion reduced Chk1 phosphorylation on Ser345 not only at early time point (∼15 min) but also through 120 min after camptothecin exposure begun ( Figure 5C ), indicating that And-1 impairs Chk1 phosphorylation at both early and late time points during camptothecin exposure. It should be noted that it was reported that CtIP depletion has no effect on Chk1 phosphorylation soon after DSB induction but only impairs the maintenance of Chk1 phosphorylation at late time points (29) . Thus, And-1 and CtIP seem to play different roles in the kinetics and maintenance of Chk1 phosphorylation. A detailed discussion on this point is included in the discussion section.
The C-terminus of And-1 is important for its interaction with CtIP
To further study the role of And-1 in the regulation of CtIPmediated HR repair, we investigated whether And-1 directly interacts with CtIP by examining And-1-CtIP interaction in an in vitro assay. To this end, we mixed recombinant And-1 and CtIP proteins and then immunoprecipitated And-1 proteins. Intriguingly, we detected robust CtIP from the IPs of recombinant And-1 ( Figure 6A ), suggesting that And-1 indeed interacts with CtIP directly in vitro. And-1 contains WD40 repeats at its N-terminus, a SepB domain in the middle, and a HMG domain at its C-terminus (56) . We next mapped the domains of And-1 that mediate the interaction between And-1 and CtIP. We performed co-IPs using cell extracts from 293T cells expressing full-length And-1 or its truncated mutants from transfected plasmids. The results showed that the interactions with CtIP were detected in IPs from full-length And-1 and And-1 (330-1129) ( Figure 6C ), indicating that SepB and HMG domains mediate the association of And-1 with CtIP. We next examined which parts of SepB and HMG domains mediate And-1-CtIP interactions and found that And-1 (898-1129) but not And-1 (984-1129) interacted with CtIP ( Figure 6C ), indicating that the C-terminus of And-1 is critical for its interaction with CtIP.
Having mapped the CtIP-interacting domains of And-1, we next examined the recruitment of each of these And-1 mutants to DSB sites induced by laser micro-irradiation. Interestingly, full-length And-1 as well as mutants And-1 (330-1129), And-1 (798-1129) and And-1 (898-1129) that interact with CtIP were found to accumulate at DSBs sites, whereas And-1 mutants including And-1 (1-336), And-1 (336-984) and And-1 (984-1129) that do not interact with CtIP failed to localize at DSB sites ( Figure 6B ). These data suggest that the interaction between And-1 and CtIP may be required for continuous association of And-1 with DSB sites.
We also examined which regions of CtIP are responsible for its interaction with And-1. To this end, we examined the interactions of And-1 with CtIP mutants created by Dr Junjie Chen's group (24) . And-1 protein was detected from IPs of CtIP mutants D2, D3, D4 and D5 but not D1 and D6 ( Figure 6D ), indicating that both the N-terminus and the C-terminus of CtIP are important to mediate the association of CtIP with And-1.
Recruitment of And-1 to DSB sites depends on BRCA1, MDC1 and ATM
Given that And-1 is rapidly recruited to DSB sites at the early stage of HR repair ( Figure 2C ), we therefore hypothesized that And-1 may interact with MDC1 and BRCA1. Indeed, from endogenous And-1 IPs, we could detect MDC1 and BRCA1 (Supplementary Figure S4) . These data indicate that And-1 interacts with both MDC1 and BRCA1 and further support that And-1 participates in the early stage of HR repair.
To investigate the mechanism of how And-1 is recruited to damage sites, we examined the localization of And-1 at DSB sites in cells with down-regulated early HR repair factors including MRN and MDC1 by siRNA. Although MRN complex plays a critical role in the initiation of end resection, depletion of NBS1 had no effects on the recruitment of And-1 to damage sites ( Figure 7A ). Intriguingly, depletion of MDC1 significantly reduced the recruitment of And-1 to DSB sites ( Figure 7A ). Since MDC1 regulates the localization of BRCA1 to DSB sites, we went forward to investigate whether BRCA1 regulates the recruitment of And-1 to DSB sites. Markedly, we found that the localization of And-1 to DSB sites was also impaired in cells with BRCA1 depletion (Figure 7A ). To further confirm the role of BRCA1 in the regulation of And-1 recruitment to DSB sites, we examined the And-1 localization to DSBs in HCC1937 cells with deficient BRCA1. Strikingly, the recruitment of And-1 to DSB sites was significantly impaired in HCC1937 cells with deficient BRCA1. However, the localization of And-1 to DSB sites was restored in HCC1937 cells with expression of wild-type BRCA1 from a transgene ( Figure 7B ). Taken together, our data strongly suggest that MDC1-mediated pathway is involved in the recruitment of And-1 to DSB sites.
Given that ATM kinase activity is required for the recruitment of CtIP to DSB sites (22), we next examined whether And-1 recruitment to DSB site is ATM-dependent. To inhibit ATM, we used an ATM specific inhibitor, KU-55933 (67) . The results showed that the recruitment of And-1 to DSB sites was significantly compromised in cells treated with KU-55933 ( Figure 7C ). Thus, ATM appears to be a critical factor to regulate the recruitment of And-1 to DSB sites.
DISCUSSION
Requirement of And-1 for DSB end resection
Accumulating evidence has shown that And-1/Ctf4 is important for HR repair in yeast and human cells (42, 54, 57, 68) . Although it was predicted that And-1 is directly involved in HR repair rather than acting indirectly via other pathways (42, 57) , it was unknown how And-1 directly regulates HR repair. HR is a complex process involving multiple steps including DSB-induced chromatin relaxation, recruitment of HR repair proteins to DSB sites and end resection. Although CtIP has been shown to facilitate HR repair by promoting end resection (29) , the mechanisms by which CtIP is recruited to DSB sites remain speculative. Here we identified a novel functional MDC1-And-1 link that is critical for end resection by regulating the recruitment of CtIP. This study not only elucidates a hitherto unknown role of And-1 in HR repair but also identifies a novel pathway to regulate end resection. During the manuscript preparation, Dr. Huadong Pei's group (National Center for Protein Sciences in China) has independently identified the same pathway (personal communication).
For the first time, we found that And-1 is localized to the DSB sites in human cells. This discovery reinforces the idea that And-1 is involved in DNA repair and also provides the evidence that And-1 acts directly at DSBs to promote HR repair. Our data demonstrate that And-1 directly interacts with CtIP in vivo and in vitro, promotes end resection by regulating CtIP recruitment to DSB sites, and activates ATR-Chk1 pathway during the end resection. We further show that And-1 is recruited to DSB sites at early stage in the HR process, similar to MRN complex but before the recruitment of CtIP. Consistent with this functional order, the recruitment of And-1 to damage sites may establish a platform for the recruitment of CtIP to damage sites to initiate end resection. To support this notion, And-1 contains a C-terminal DNA binding HMG domain (59) , which usually facilitates the formation of nucleoprotein complexes on the chromatin via modulating DNA structure (69, 70) . It is possible that at DSB sites, And-1 binds to DNA and facilitates the assembly of HR proteins by regulating DNA structure or DSB-associated protein complexes. Interestingly, the concept that And-1 may act as a structural scaffold to facilitate loading of repair proteins at the damage sites has been proposed by others despite a lack of strong evidence (42) .
Functional relationships among MDC1, BRCA1, MRN, And-1 and CtIP
MDC1 is required for the recruitment of MRN complex to damage sites by direct interaction with NBS1 (9,11). Our Figure 2A . The percentage of ␥ -H2AX cells exhibiting And-1 strips was determined. Data represent means ± SD from three independent experiments. N.S., not significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. (B) Localization of And-1 to DSB sites is restored in HCC1937 cells expressing wild type BRCA1. HCC1937 or HCC1937 cells expressing wild-type BRCA1 were treated as in Figure 2A . The percentage of ␥ -H2AX cells exhibiting And-1 strips was determined. Data represent means ± SD from three independent experiments. **P ≤ 0.01. (C) Inhibition of ATM impairs the localization of And-1 at DSB sites. U2OS cells treated with KU-55933 (10 M) for 4 h were treated as in Figure 2A . The percentage of TopBP1 cells exhibiting And-1 strips was determined. Data represent means ± SD from three independent experiments. **P ≤ 0.01. data show that And-1 is recruited to DSB sites at early stage of HR repair process and interacts with MRN complex ( Figures 1A and 2C ), but MRN is not required for its localization at DSB sites ( Figure 7A ). Given that And-1 depletion does not affect the recruitment of NBS1 to DSB sites (Supplementary Figure S5) , it appears that the recruitment of MRN and the recruitment And-1 to DSB sites are not interdependent. However, these results do not rule out the possibility that And-1 and MRN may coordinate to regulate the recruitment of CtIP to DSB sites. Indeed, our data indicate that And-1 is required for the interaction between CtIP and MRN ( Figure 5D ). Thus, And-1 may function as a platform to facilitate damage site recruitment of CtIP by promoting the interaction between CtIP and MRN at damage site. Significantly, we found that BRCA1 and MDC1 are both required for the recruitment of And-1 to DSB sites. Given that MDC1 and BRCA1 recruitment to DSB sites is a very early event for the initiation of HR repair, and the timing of And-1 recruitment to DSB sites is similar to the timing of the recruitment of MRN to DSB sites, it appears that the condition established by MDC1 and BRCA1 at damage sites is required for the accumulation of both MRN and And-1 at damage sites. Although we have detected the interactions of And-1 with MDC1 and BRCA1, how MDC1 and BRCA1 recruit And-1 to DSB sites remain to be investigated in the future.
Dual roles of And-1 in ATR-Chk1 signaling during end resection
Following DSB induction, MRN/ATM-dependent DSB end resection results in the formation of ssDNA regions that promote ATR activation and subsequent Chk1 phosphorylation by ATR (71) . Consistent with this notion, our data showed that And-1 depletion impairs end resection that significantly reduces the activation of ATR-Chk1 pathway. Similar results have been observed in cells with downregulated CtIP (29) . These results strongly suggest that both And-1 and CtIP function in the same pathway leading to DSB end resection. Interestingly, CtIP depletion impairs Chk1 phosphorylation at late time-points but not at early time-points after continuous camptothecin exposure (29) , suggesting that CtIP is involved in damage response through its regulation of end resection. However, unlike CtIP depletion, And-1 depletion not only decreases the initial Chk1 activation triggered by replication stress induced by trapped DNA topoisomerase I inhibitor, but also the late Chk1 activation induced by camptothecin-induced replication-dependent DSBs, which require resection to activate ATR-Chk1 pathway. This difference is within our expectation because we recently reported that And-1 is required for efficient ATR-Chk1 activation in cells with replication stress (56) . We believe that And-1 plays dual roles in DSB end resection, one is to regulate the recruitment of CtIP to damage sites for resection, the other is to regulate initial Chk1 activation following DNA replication stress.
